Abstract The results of experimental investigation on the study of dissolution kinetics of a Nigerian galena ore in hydrochloric acid solution were discussed. The influence of acid concentration, temperature, particle size, stirring speed and solid/liquid ratio on the extent of dissolution was examined. The elemental analysis by XRF showed that the galena ore is composed mainly of PbS with metals such as Sn, Fe and Zn occurring as minor elements and Mn, Rb, Sr and Nb as traces. The XRD analysis indicated galena as the dominant mineral phase, with the presence of associated minerals, such as a-quartz (SiO 2 ), sphalerite (ZnS), cassiterite (SnO 2 ), pyrite (FeS 2 ) and manganese oxide (MnO 2 ).
Introduction
Galena (PbS), the chief ore of lead and one of the most widely distributed metallic sulphides, occurs in both igneous and sedimentary rocks. It is commonly associated with other sulphide minerals, such as sphalerite (ZnS), pyrite (FeS 2 ), chalcopyrite (CuFeS 2 ) and arsenopyrite (FeAsS) as reported by Deer et al. (1999) and Othmer (1967) .
In general, many occurrences of the lead and zinc ores are known in Nigeria, such as those of Ameka, Ameri and Enyigba near Abakaliki, at Benue and Zurak to name only a few. It is estimated that there are at least 30 lodes within an aggregate length of about 6000 m as detailed (Ukpong and Olade, 1979; Rahman, 2004) .
The largest deposit of galena has been documented for Abakaliki in Ebonyi State. The Nigerian Mining Corporation has indicated proved reserves of up to 711, 237 tonnes as reported (Ukpong and Olade, 1979; Minerals and Industry in Nigeria, 1987) .
In general, the recovery of lead from galena via a hydrometallurgical route has been studied by several investigators under various chemical conditions. A hydrometallurgical alternative has been sought because of the growing concern about the adverse environmental impact of high-temperature processing of galena as detailed by Feurstenau et al. (1987) . A detailed review of some previous studies on the characterization and dissolution kinetics of galena varieties in hydrochloric acid is thereby presented.
Galena ore characterization
Several studies on the characterization of galena ore have been carried out in the recent past. Some of the reported results on the composition of galena from different parts of the world are summarized in Table 1 .
Galena is composed of lead as a dominant metal followed by sulphur, iron and zinc in that order. The composition of galena varies from one location to another. The different values can be accounted for by the variation in geochemical and environmental effects. The richest galena was found in Japan as reported by Awakura et al. (1980) , Nigeria: Olanipekun (2000) and USA: Feurstenau et al. (1987) ; while the poorest was in Mexico: Makita et al. (2004) and China: Wang et al. (2003) .
Galena dissolution kinetic studies
According to Gerson and O'Dea (2003) , surface species found on galena during oxidation and dissolution have been studied using many techniques. It has been assumed that complexation takes place at the surface of hydrous galena sulphides. The adsorption of H + ions onto a surface of the S atom in the aqueous phase is found to be favourable, whereas the adsorption unto the surface of Pb atom is not favourable as suggested by Aydogan et al. (2007b) . In view of the above reasons, the dissolution rates are often analysed with the shrinking core models which state that the leaching process is controlled by:
(i) the diffusion of the reactant through the solution boundary layer or through a solid product layer; or (ii) by the rate of chemical reaction; or (iii) by mixed controlled process, which are chemical and diffusion controlled reactions as reported by Baba (2008) , Levenspiel (1972) and Merwe (2003) .
Therefore, understanding the mechanism of a leaching system is an important aspect of this work, while a knowledge of the kinetics of the rate controlling process and solid reaction products are crucial for a complete understanding of the system as evidenced by Aydogan et al. (2007b) . The non-oxidative leaching of the base metal sulphide ore including galena in acidic solution, releasing hydrogen sulphide has been studied in various laboratories and tested in pilot plants as demonstrated by Awakura et al. (1980) . Olanipekun (2000) was of the opinion that the need to obtain sufficiently soluble salts from which the metal can be easily collected by electrowinning suggests the desirability of converting galena into lead chloride. According to him, non-oxidative leaching of galena with hydrochloric acid has been the object of considerable interest in the recent past, since it permits the direct conversion of lead sulphide into lead chloride according to the following relation
Generally, there are insufficient kinetic studies to explain the complete mechanism of the dissolution of galena in hydrochloric acid solution in the literature. Most of the available dissolution studies did not address some basic important kinetics parameters such as reaction order, activation energy, Arrhenius factors and reaction constant. This often makes the proposition of the dissolution mechanism difficult. Results of selected kinetic studies on galena dissolution extracted from literature are summarized in Table 2 .
It is evident from Table 2 that most of the kinetics parameters necessary for the prediction of the actual dissolution mechanism (activation energy, reaction order, residual product, etc.) were lacking and thus making the mechanism proposition to be ambiguously difficult. Consequently, the scope of this investigation is to address these problems. Due to the increased demand for lead in Nigeria and other developing countries of the world, there is the need to develop simple and practicable routes for the recovery of this valuable metal from Nigerian galena ore which is one of the richest in the world. At present, the hydrometallurgical processing or improvement on the quality of Nigerian galena has not been seriously given much attention, at least to the best of our knowledge. As the Federal Government of Nigeria is now addressing positively the solid mineral sector, this study would no doubt, contribute to Nigeria's economic growth and development as reported by Baba (2008) . Therefore, this research represents the in-depth study on the dissolution of a Nigerian galena ore in hydrochloric acid solution.
Materials and methods
A galena ore sourced from Abakaliki, Enyigba origin in Ebonyi State of Nigeria was used for this study. The sample was sieved into four size fractions: À112 + 63, À250 + 112, À500 + 250 and >500 lm. All experiments were performed only with the À112 + 63 lm fraction unless otherwise stated. Solutions of HCl were prepared from Analytical grade reagents with double distilled water.
Characterization of the ore

Physico-chemical analysis
The physico-chemical analysis of the galena ore including bulk-density, porosity, pH, point of zero charge, moisture content and loss of mass on ignition were determined appropriately following standard procedures of Baba (2008).
Spectrophotometric analysis
The X-ray fluorometer (XRF), Philip's model 12045B4/3 was used for the elemental analysis of the galena ore. The mineralogical analysis of the ore was done using Philip's PW 1800 X-ray diffractometer (XRD) with CuKa (1.54 Å ) radiation generated and 40 kV and 55 mA. This unit comprises of a single compact cabinet. The cabinet houses a high speed, high precision Goniometer; high efficiency generator (X-ray) and an automatic sample loading facility.
The petrographic slides of galena ore were prepared using Epoxy and Lakeside 70 media according to the method of Hutchison (1974) .
Leaching procedure
The dissolution experiments were carried out in a 250 mL glass reactor, equipped with a mechanical stirrer. After the addition of 100 mL of HCl acid solution at the desired concentrations into the reactor and attaining a temperature of 55°C, 10 g/L of the galena ore was added in each case as reported by Aydogan et al. (2007a) . The galena dissolution rate with HCl at different concentrations (0.1-12 M) was examined. The concentration which gave the highest dissolution (8.06 M) was subsequently used for the optimization of other leaching parameters including temperature (varied from 28 to 80°C) and particle size. The activation energy, E a and constants were evaluated from the Arrhenius plots. In all cases, the fraction of the galena dissolved, X, was calculated from the initial difference in weight of the amount dissolved or undissolved at various time intervals up to 120 min, after being oven-dried at about 60°C. The post-leaching residual product at 80°C in 8.06 M HCl acid was then analysed by XRD. Table 3 .
The pH of the supernatant solution of galena was 8.3 and this value suggests that the surface of the mineral is basic and thus supports the sulphidic nature of the mineral. The point of zero charge (pzc) being 7.9 suggests that the surface is also basic and it gives an indication on the nature of interactions in terms of the cationic and anionic species which may get in contact with the mineral. The low value of the loss of mass on ignition is, therefore, an indication of low organic content present in the ore.
Elemental composition by XRF
The results of the elemental composition of galena by X-ray fluorescence technique showed that galena minerals exist mainly as PbS with metals such as Sn, Fe and Zn occurring as minor elements, and Mn, Br, Rb, Sr and Nb as traces. The elemental analysis gave Pb (58.66%), S (13.31%), Sn (2.65%), Zn (0.16%), Fe (0.50%), Mn (0.087%), Br (0.064%), Sr (0.0088%), Nb (0.0043%) and O (24.55%) was obtained by difference.
Phase studies by XRD
The analysis of galena by X-ray diffraction gives a better description in terms of the mineral phases present in the ore. Table 4 present the results of the X-ray diffractogram of the ore with important compounds identified.
It is evident that the galena ore gave two principal and a minor peaks at 2.93, 1.91 and 1.82 Å , respectively. Other associated minerals include a-SiO 2 , ZnS, FeS 2 and SnO 2 . However, minerals such as Al 2 O 3 , MnO 2 and Nb 2 O 5 occurred in traces. All these supported the results of the elemental analysis by XRF.
Optical microscopic examination
Optical microscopic examination of galena produced aggregation of cubic crystals with cleavage planes (Fig. 1) , which at high magnification appears to comprise of bundles of platelet and short layers. It is not completely opaque. It changes from yellowish to reddish brown (presence of iron oxide). It is prismatic and slightly elongated. The likely gangues found in the ore include pyrite (FeS 2 ) and a-quartz (a-SiO 2 ). 
. Effect of solid/liquid ratio
The results on the effect of solid/liquid ratio on galena dissolution in 8.06 M HCl were investigated in the range 1:5 to 1:100 at temperatures 55 and 80°C, respectively. Table 5 shows the effect of solid/liquid ratio on galena dissolution in 8.06 M HCl. Decreasing the solid/liquid ratio is accompanied with increase in the equilibrium percentage of the ore dissolved. For instance, by varying the solid/liquid ratio from 1:100 to 1:5 g/mL, the percentage of galena dissolved increased from 38% to 94% at 80°C. Accordingly, an optimum solid/liquid ratio of 1:100 g/mL has been retained for subsequent studies.
Effect of HCl concentration
The results of the preliminary investigation on the search for suitable mineral acid for dissolution showed that the best performance was obtained for HCl compared to either HNO 3 or H 2 SO 4 , as reported by Baba (2008) , Baba et al. (2003) (see Table 6 ).
The results of the effect of HCl concentration on galena dissolution are illustrated in Fig. 2 .
It is apparent from Fig. 2 that the fraction of galena dissolved increases with increasing acid concentration. It appears that the effect was very mild when the acid concentration was increased from 8.06 to 12 M. The formation of sparingly soluble PbCl 2 is highly probable at high concentration as proposed by Nu-Nez et al. (1990) . In all cases, unreacted acid remained in the leach solution and the free acid increased with increasing initial acid concentration, since the use of more concentrated acid did not increase the dissolution of galena or decrease the leaching time for maximum dissolution. Therefore, 8.06 M HCl solution was used for further investigations.
Effect of stirring rate
The results on the effect of stirring speed on galena dissolution in 8.06 M HCl over the range of 0-720 rpm at 80°C are presented in Table 7 . Table 7 shows that the amount of galena dissolved is dependent on the stirring speed over the range 0-450 rpm. Above 450 rpm, the stirring speed no longer has any observable effect on the solid dissolution. Hence dissolution reached a steady rate at 450 rpm, and a stirring speed of 450 rpm was retained for further experiments. This agrees with the results of Olanipekun (2000).
Effect of temperature
The effect of temperature on the galena dissolution has been investigated over the temperature range 28-80°C in 8.06 M HCl solution at a stirring rate of 450 rpm using À112 + 63 pm particle diameter and solid/liquid ratio of 10 g/L. These results are presented in Fig. 3 .
As seen in Fig. 3 , galena dissolution increases with leaching time and with increasing temperature. For instance, at 80°C, the amount of galena dissolved within 120 min was 94.8%.
Effect of particle diameter
Measurement of the reaction rates on the influence of particle diameter on galena dissolution in HCl was investigated for four different sized fractions. The results are summarized in Fig. 4 .
The results from Fig. 4 showed that the smaller the galena particle size, the faster was the galena dissolution. This observation was also supported by Aydogan et al. (2007a) and Dutrizac and MacDonald (1977) .
3.3. Discussions 3.3.1. Dissolution kinetic models For this study, three shrinking core models were tested for better understanding of the dissolution of galena in HCl media. The kinetic models as previously utilized by some authors such as Aydogan et al. (2007a,b) , Baba and Adekola (2010) , Habashi (2005) , Khalique et al. (2005) and Merwe (2003) include: Experimental conditions: particle size = À112 + 6 lm; leaching time = 120 min; solid/liquid ratio = 10 g/L. 
Eq. (2) is applicable to a chemical reaction controlled process at the interface; Eq. (3) is a diffusion-controlled process through the product layer and Eq. (4) is a mixed controlled process (a combination of surface reaction and diffusion). Of all the three models tested, all the studied data were found only to fit the relation in the Eq. (3) with a perfect correlation of about 0.9893. The analysis of the plots of other kinetic curves, however, did not give a perfect straight line. Hence, the linearization of Fig. 2 by Eq. (3) was made. To this end, the relation: 1 À (2/3)X À (1 À X) 2/3 = k 1 t, gave an average correlation coefficient of 0.9891 and this is shown in Fig. 5 . From Fig. 5 , the experimental rate constant k 1 , was calculated from the slope of the straight line at various HCl concentrations and the plots of ln k 1 versus ln [HCl] were shown in Fig. 6 . From Fig. 6 , the slope of the resulting plot gave 0.28. This shows that the order of reaction with respect to H + ion concentration is 0.28 with correlation coefficient of 0.9827.
Futhermore, the data in Fig. 3 at different temperatures were linearized by Eq. (3). This is shown in Fig. 7 .
From Fig. 7 , the apparent rate constants, k 3 and other tested rate constants, k 2 and k 4 were calculated from the slopes of the straight lines. The values of these rate constants with their equivalent correlation coefficients are summarized in Table 8 .
By using the rate constants derived from the slopes in Fig. 7 , the Arrhenius diagram in Fig. 8 was drawn from which the activation energy of 38.74 kJ/mol was calculated, which supports the proposed diffusion controlled mechanism. Some studies as reported by Baba et al. (2009) and Olanipekun (1999) showed that some diffusion controlled reactions have unusually high activation energy. For example, from a study by Tsuchida et al. (1982) , the reported value of activation energy for the diffusion controlled dissolution of titanium and iron from ilmenite by hydrochloric acid solution was 48.9 and 53.7 kJ/mol, respectively. On closer examination, it appears that the rate controlling mechanism of the heterogeneous dissolution process is sometimes better predicted from plots of the kinetic equations rather than from the activation energy value. In some instances and as reported by Olanipekun (1999) , the same mechanistic information is derivable from both variables.
In general and as demonstrated by Aydogan et al. (2007b) , it has been accepted that a diffusion-controlled process is characterized by a slight dependence on temperature, while the chemically controlled process is strongly dependent on temperature. The reason being that diffusion coefficient, D, is linearly dependent on temperature, while chemical velocity constant, k, is exponentially dependent on temperature, formulated as:
ÀEa=RT , where A is the Arrhenius constant, E a is the activation energy, R is the Boltzmann constant and T is the absolute temperature. Therefore, the activation energy calculated for this study appears to be the lowest compared to other reported works as summarized in Table 9 .
However, the re-plot of Fig. 8 on an extended scale from the origin (Fig. 9) gave Arrhenius constant of 73.69 s À1 for the process with a correlation coefficient of 0.9968.
According to Olanipekun (1999) , the rate controlling mechanism of heterogeneous dissolution process is often predicted from the plots of the kinetic equations, rather than the activation energy. Therefore, in order to determine the rate determining step for the present study, the kinetic curves in Fig. 4 were also linearized by means of Eq. (3). The values of the rate constants, k 4 , were plotted against the reciprocal of the particle radii (1/r o ), yielding a linear relationship with a correlation coefficient of 0.9970 (Fig. 10) . It is interesting to note that the plot of the rate constants as a function of the square of particle radii (1/r o ) 2 did not give a linear relationship. This supported the earlier inference that a surface chemical reaction was the rate controlling step during dissolution. Hence, the diffusion of the H + ion was at higher rate because of the high transport number in aqueous solution.
Dissolution model
From the effects of the solid/liquid ratio (Fig. 11 ) and particle diameters (Fig. 12 ) on galena dissolution in 8.06 M HCl solution, the apparent rate constants, k 5 and k 6 were evaluated, respectively.
The solid/liquid ratio and initial particle size (c 0 ) were found to be inversely proportional to 0. 
and the reaction rate constant, k 0 , is evaluated experimentally. With 8.06 M HCl at 80°C, the value of k 0 , for this process was 1.73 ± 0.31 · 10 3 .
Characterization of the residual product
The X-ray diffraction spectrum data of the product layer formed after the optimum dissolution of galena ore in 8.06 M HCl at 80°C are presented in Table 10 . The XRD data in Table 10 revealed the presence of elemental sulphur, lead chloride (PbCl 2 ) and a-quartz as the major components. It is very clear that the quantity of elemental sulphur formed does not hinder the reaction. In summary, the overall dissolution reaction of galena in HCl solution can be described by the following stoichiometry: Zhang et al. (2004) , when the dissolution is far from the equilibrium without reversed reaction and secondary minerals, the rate equation for constant HCl concentration could be expressed as:
From Eq. (7), the rate of dissolution of the present Abakaliki galena ore was calculated to be 1.37 ± 0.024 · 10 À4 mol L À1 s
À1
.
Conclusions
On the basis of the results of the characterization and dissolution studies undertaken, the following conclusions can be drawn:
(i) The X-ray fluorescence data showed that the galena ore used in this study exists mainly as PbS, with Pb as the major metal and metals such as Sn, Fe and Zn occurred as minor elements, while Mn, Br, Rb, Sr and Nb were detected in traces. The XRD analysis also confirmed the originality of the galena ore and it revealed the presence of other associated minerals, such as a-quartz, sphalerite (ZnS), cassiterite (SnO 2 ), pyrite (FeS 2 ) and manganese oxide (MnO 2 ). (ii) The results of leaching investigations showed that the galena dissolution in hydrochloric solution increases with increasing HCl concentration, temperature and decreasing particle diameter and solid/liquid ratio at a stirring rate of 450 rpm. About 95% of the galena ore was dissolved in 8.06 M HCl solution and at a temperature of 80°C with a particle diameter of À112 + 63 lm and a solid/liquid ratio of 10 g/L, within 120 min. The activation energy, E a , of 38.74 kJ/mol has been calculated for the process, while the reaction order, Arrhenius and dissociation constants of 0.28, 73.69 s À1 and 1.37 ± 0.024 · 10 À4 mol L À1 s À1 were determined, respectively. (iii) The overall results of the dissolution studies indicated that the data fitted the shrinking core model for the diffusion controlled mechanism, with surface chemical reaction as the rate controlling step. This is consistent with the following relation: ½1 À 2=3X À ð1 À X Þ 2=3 ¼ k 0 ½HCl 0:28 ½q S=L À0:34 c À0:91 0 Â exp ðÀ38740=RT Þ t; k 0 , is the reaction constant and can be experimentally determined. (iv) Finally, the result of post-leaching showed the presence of a residue containing a substantive of sulphur and lead chloride as major constituents. Figure 12 ln k 6 vs. ln c 0 , for determining order of initial particle diameter. Mineral Sciences, University of Ilorin, Ilorin, Nigeria for assisting in XRD data interpretation.
